Abstract. Problematic aspects of fire in tropical savannas are reviewed, from the standpoint of their impact on the detection and mapping of burned areas using remotely sensed data. Those aspects include: the heterogeneity of savanna-resulting in heterogeneity of fire-induced spectral changes; fine fuels and low fuel loadings-resulting in short persistence of the char residue signal; tropical cloudiness-which makes multitemporal image compositing important; the frequent presence of extensive smoke aerosol layers during the fire season-which may obscure fire signals; and the potential problem of detecting burns in the understory of woody savannas with widely variable tree stand density, canopy cover and leaf area index. Finally, the capabilities and limitations of major satellite remote sensing systems for pan-tropical burned area mapping are addressed, considering the spatial, spectral, temporal and radiometric characteristics of the instruments.
Introduction
Savannas are tropical vegetation types in which the biomass is shared by trees and grass (van Wilgen and Scholes 1997) , and have at least a two-layered above-ground structure, formed by a tree layer with a discontinuous crown cover 2-10 m tall, and an understory grass layer 0.5-2 m tall (Scholes 1997) . Savannas are typical of the seasonally wet tropics (van Wilgen and Scholes 1997) , which have a hot, wet season lasting between 4 and 8 months, and a dry season during the rest of the year. The strongly seasonal character of water availability leads to the accumulation of fine, dry, easily ignited fuels that, potentially, can burn every year (Scholes 1997) . Estimates of annual global biomass burning indicate that savanna fires are the single largest source of pyrogenic emissions, with an area of ∼820 × 10 6 ha burned annually, and a corresponding consumption of 3400-3700 Tg of dry matter (Andreae 1997). Dwyer et al. (2000) analysed 21 months (April 1992 to December 1993) of global, daytime, daily National Oceanic and Atmospheric Administration (NOAA)-Advanced Very High Resolution Radiometer (AVHRR) satellite data at 1 km resolution, and detected active fires using the algorithm of Flasse and Ceccato (1996) . Savannas and woody savannas which, as defined in the International GeosphereBiosphere Program-Data and Information System (IGBP-DIS) land cover map (Scepan 1999) , represent ∼11% of the global land surface, showed the most fire activity of all major land cover types. Active fires were detected in 19% of 1 km 2 savanna pixels during the period under analysis. The daily, global night-time, 1 km 2 resolution Along Track Scanning Radiometer (ATSR-2) active fires dataset (http://shark1.esrin.esa.it/ionia/FIRE/AF/ATSR/) developed by the European Space Agency (Fig. 1 ) contains a total of 525 488 active fire detections, over the period [1997] [1998] [1999] [2000] [2001] . Twenty-five percent of these (131 161 active fires) were found over the area of savanna and woody savanna classes of the IGBP-DIS land cover map located in the intertropical belt (23 • 27 N to 23 • 27 S), which corresponds to only 8.5% of the global land area (Mota and Pereira, unpublished work). These satellite-based observations of fire activity over the tropical savannas confirm them as the most fire-prone biome on Earth.
Active fires detected by satellite provide a good indicator of the spatio-temporal patterns of global fire incidence, but are inadequate to estimate area burned, mainly due to temporal sampling problems Dwyer et al. 2000) . Area burned is required to estimate pyrogenic emissions and fire return intervals, which are important parameters to estimate the impacts of fire on the atmosphere and on terrestrial ecosystems, respectively. Therefore, a series of studies have been developed to map area burned from satellite imagery, many of them dealing with tropical regions (Hlavka et al. 1995; Lambin 1998a, 1998b; Barbosa et al. 1999a Barbosa et al. , 1999b Pereira et al. 1999a Pereira et al. , 2000 Roy et al. 1999; Siegert and Hoffmann 2000; Stroppiana et al. 2002) . Remote sensing of fire severity and fire patchiness, although important to quantify the ecological and atmospheric impacts of fire, is at an early stage of development (Rogan and Yool 2001; Miller and Yool 2002) . Our overview of remote sensing of fires in tropical savannas focuses on detection and mapping of area burned. The other types of signal generated by fires that can be observed from space, i.e. heat and light from active fire fronts, smoke, and modified vegetation structure (Robinson 1991) , are addressed only when relevant to remote sensing of area burned. The overview is organised around key aspects of vegetation structure, fire regime features and climatic aspects of the savanna biome which influence detection and mapping of burned areas using satellite imagery.
Spectral changes induced by fire in tropical savannas
Savannas form a continuum of vegetation types between tropical forests and grasslands (House and Hall 2001) where tree percentage cover may range from 5% to 90% (Scholes 1997) . Functional types of savanna trees include evergreen, semideciduous, and deciduous species , the latter being more common in arid areas because leaf shedding reduces water stress (House and Hall 2001) . The combination of canopy density and phenological strategy determine the amount of green foliage present in trees during the dry season. In humid savannas, tree cover is dense and relatively high tree leaf area index values are maintained throughout the dry season and thus the spectral signal of green vegetation is always present. Conversely, in drier areas, lower tree cover and more marked drought-deciduousness of trees lead to predominance of the spectral signal of dry grass and tree leaf litter during the fire season.
Savanna fires typically burn surface fuels, primarily grass and tree litter (van Wilgen and Scholes 1997) , leaving a dark, charred surface. Figure 2 shows the spectral signatures of a deciduous tree leaf, dry grass, and charcoal, from 0.4 µm to 2.5 µm. The grass spectra were measured in the laboratory at Johns Hopkins University with a GER IRIS Mark IV spectroradiometer, using a large piece of sod. The grass was illuminated from directly above and measured at a reflectance angle of 60 • to avoid viewing the thatch. The charcoal spectrum was obtained at the NASA Jet Propulsion Laboratory with a Beckman UV5240 spectrophotometer, from samples of charred pine stumps from a forest fire in central Portugal.
The reflectance of charcoal and of green vegetation is similar in the visible domain, and to a lesser extent also in the midinfrared. The reflectance of dry grass is much higher than that of charcoal over the entire spectral range. Thus, when burning occurs in the understory of relatively dense tree cover, the major reflectance change is a decrease in the near-infrared, while burning of dry grass under sparse tree cover or in open grasslands causes an overall decrease in reflectance. Figure 3 displays the spectral changes due to surface charring in two southern African vegetation types, in a near-infrared (NIR, 0.87 µm)/mid-infrared (MIR, 1.65 µm) bispectral space, using Landsat 7 EnhancedThematic Mapper (ETM+) data from western Zambia. Burning of woodland understory caused a decrease in NIR reflectance, but little change in MIR reflectance, while burning of a grassland caused a marked drop in reflectance along both spectral axes. The variability of the spectral changes induced by fire in tropical savannas is a direct consequence of the structural and phenological diversity of this biome, and variation in severity of fire effects, namely the degree of canopy scorch and consequent leaf fall. This variability ought to be taken into account in the design of algorithms for burned area mapping. Other fire-prone biomes, such as boreal forests, temperate shrublands, tropical grasslands, and temperate grasslands are less structurally and/or phenologically diverse. In forests and shrublands, fires burn primarily green fuels, while in grasslands dry vegetation is the dominant fuel type, and thus there is clear predominance of either one of the two types of spectral changes observable in savannas.
The heterogeneity of spectral changes caused by fire needs to be taken into account in satellite image classification, because the informational class (sensu Swain 1978) 'burned surface' may correspond to multiple spectral classes. In an unsupervised classification approach, burned surfaces may correspond to more than one spectral cluster. In supervised image classification it may be necessary to train the classifier to recognize different classes of burned areas, each of which ought to have a reasonable degree of internal spectral homogeneity and as little overlap as possible with other informational classes. In this regard, methods such as classification trees (Breiman et al. 1984; Mitchell 1997) are advantageous, because they can be trained with a single fire class. The statistical algorithm will identify internal spectral class heterogeneity and will induce different rules to classify the various spectral subsets corresponding to the single 'burned areas' informational class it was trained to recognize. Applications of classification trees to mapping burned areas with satellite imagery were developed by Pereira et al. (1999b Pereira et al. ( , 2000 and Sá et al. (2003a) . Spectral heterogeneity of the burn signal also influences the performance of adaptive, context-sensitive algorithms (Roy et al. 2002) .
Biomass burned and persistence of the char signal
The biomass burnt per unit area in tropical savannas tends to be lower than that consumed in temperate and boreal forest and shrubland fires (Bond and van Wilgen 1996) . Table 1 summarizes biomass and combustion completeness data from tropical savanna fire experiments in Brazil, Africa and Australia. The median pre-fire biomass load is 5.6 t ha −1 , the median combustion completeness is 0.81, and the median biomass consumed is 3.1 t ha −1 . The sample of experiments shown in Table 1 is not meant to be statistically representative of biomass burning in tropical savannas, but provides an indication of the range of values observed in different continents and various ecosystems.
Fuel consumption values of 6.1-16.1 t ha −1 were reported by Fernandes et al. (2000) for shrublands in Portugal, and calculations based on values from Keith et al. (2002) yield values of 8.4-18.7 t ha −1 in Australian heathlands, assuming a fuel heat content of 20 000 kJ kg −1 . The mean value of fuel burned in boreal forest fires in nine ecozones in Alaska was 17.4 t ha −1 (French et al. 2000) , and a high intensity experimental forest fire in Siberia burned 37.1 t ha −1 (FIRESCAN Science Team 1996) . Ward (2001) considered an average fuel consumption of 45 t ha −1 for forest fires in the United States.
The type of fuel burnt also differs between savanna fires, which burn primarily grass and leaf litter (Bond 1997; Scholes et al. 1996; van Wilgen and Scholes 1997; Williams et al. 2002) , and forest and shrubland fires, which burn not only fine fuels but also larger woody plant materials. A consequence of savanna fires burning relatively small amounts of predominantly fine fuels is that combustion products are easily scattered by wind, and the diagnostic spectral signal caused by charcoal deposition fades out quickly. Scholes and Walker (1993) reported a recovery to pre-fire albedo values 6 weeks after a fire in a southern Africa savanna. Frederiksen et al. (1990) noticed a rapid increase in visible and NIR reflectance, and in values of the normalized difference vegetation index (NDVI) after a savanna fire in West Africa. Ash and charcoal residue were dispersed by wind and bare soil and dry leaves became the dominant spectral features. Eleven days after the fire, red reflectance, NIR reflectance, and NDVI had recovered to 75%, 55%, and to 45% of their pre-fire levels. Frederiksen et al. (1990) highlighted the need for frequent imaging of the savanna biome during the fire season, in order to retain a large spectral difference between burned and unburned areas. Eva and Lambin (1998b) analysed the temporal evolution of the spectral contrast between burned areas and unburned woodland savanna in Central Africa, using the Jeffries-Matusita (J-M) distance (Jensen 1996) and data from various sensors. With all Along Track Scanning Radiometer (ATSR-1) channels (1.6 µm, 3.7 µm, 11 µm, and 12 µm), they found that J-M distance values distance dropped from 1.414 immediately after the fire to 1.25, 17 days after the fire, and ∼1.1, 5 weeks after the fire. The upper bounds of error probability in the discrimination between burned and unburned surface for these values of J-M distance are 0%, 11% and 20%, respectively, using the approach of Swain (1978) to convert J-M distance into classification error probability. Trigg and Flasse (2000) characterised the spectraltemporal response of burned savanna in Namibia using field spectroradiometry. Pre-fire fuel loading at the site was 0.35 t ha −1 of grass biomass. Thirteen days after the fire, the spectral signature of the burn was still significantly different from that of an unburnt control plot in the thermal infrared domain (6-14 µm), and in the reflective domain at 2.1 µm, 1.24 µm, and 0.86 µm. The spectral reflectance difference was not statistically significant at 0.65 µm, 1.64 µm, 0.55 µm, and 0.47 µm. These findings of the reduced usefulness of the visible spectral range, and to a lower extent of the 1.64 µm region to detect burns confirm the results described in Pereira et al. (1999c) . Trigg and Flasse (2000) also observed that the reflectance of burned surfaces in their study area approaches that of bare soil about 1 month after the fire. Figure 4 shows the rapid increase in reflectance after an experimental fire carried out 25 August 2000 in an hydromorphic grassland in western Zambia. Spectral reflectance of 16 circular quadrats (50 cm diameter) was measured using a FieldSpec VNIR spectroradiometer (Analytical Spectral Devices, Boulder, CO), over the range 0.350 m to 1.050 m, with a 1.4 nm sampling interval. At the beginning and at the end of each set of measurements, the reflectance of a white Spectralon reference plate was measured, to estimate solar irradiance at the surface and allow for the calculation of reflectance factors at each quadrat (Sá et al. 2003b) . The spectral signature dated 25 August was measured ∼15 min after the fire, and it is a mixture of the spectral signatures of charcoal and bare soil. The dominant Loudetia simplex grass tufts burned thoroughly and left a dark charcoal deposit but, in the spaces between tufts, bare soil was visible. In the subsequent measurements, the fraction of the surface covered by charcoal had decreased, and mean spectral reflectance over the 50 m transect used for the spectroradiometric measurements increased rapidly.
In temperate and boreal forests and shrublands the spectral signature of burned areas is more persistent than in tropical savannas because more biomass is burned and substantial amounts of large charred plant materials are left on the ground as combustion products. Lower net primary production delays the regrowth of vegetation, leaving a fire 'scar' which may be detectable for years to decades after the fire. Thus, it is feasible to wait for the end of the fire season to map the burns of the previous months. This option is not viable in tropical savannas, and burned area mapping methodologies need to rely on frequent imaging of the surface.
Cloud cover and multitemporal image compositing for burned area mapping
The probability of viewing clouds at any moment in time when observing the Earth from space is 0.62 for the northern hemisphere and 0.53 for the southern hemisphere, corresponding to a global mean probability of 0.575 (WMO 1994) . Thus, cloud cover frequently prevents observation of the Earth surface from satellite. Vegetation fires generally occur during the local dry season, when cloud cover is relatively low, but in some areas it may still be problematic. In the tropics, cloud amount is high in the intertropical convergence zone and seasonal variations of tropical cloudiness track the shifting position of this zone. Data from the International Satellite Cloud Climatology Project (ISCCP) for the period [1993] [1994] [1995] [1996] [1997] [1998] show that cloud cover is higher over the South American savannas than over southern African and Australian savannas during the months of June-November, which correspond to the drier part of the year in the southern hemisphere. In the northern hemisphere tropics, southern Asia is cloudier during the dry season than the savannas located between the Sahara desert and the equatorial rainforest of central Africa (http://isccp.giss.nasa.gov/climanal1.html).
Difficulties in obtaining cloud-free data with the required temporal resolution over very large areas, such as those affected by fire in tropical savannas, stimulated the development of multitemporal image compositing techniques. Image compositing is a procedure in which co-registered images acquired during a given period are combined in a way that the maximum or minimum of a chosen measurement (e.g. a vegetation index, reflectance of a single channel, or temperature) is selected as representative of the surface conditions during the period (Cracknell 1997) . The most commonly used algorithm is maximum value compositing of the Normalized Difference Vegetation Index (MNDVI), a procedure developed by National Aeronautics and Space Administration Goddard Space Flight Center (NASA/GSFC) in the early 1980s (Tucker 1996) , for which Holben (1986) established the scientific basis. In a multitemporal image mosaic constructed with the MNDVI, each pixel contains the maximum NDVI value observed at that pixel during the compositing period. Cahoon et al. (1994) , Martín (1998) , Barbosa et al. (1998) and Sousa (1999) found that other compositing approaches are much better for burned area mapping than MNDVI, because recently burned surfaces have lower NDVI values than green vegetation, and will not appear in a composite image if a date with green vegetation is available during the compositing period. A worst case scenario happens when the first day of a compositing period is selected by the MNDVI because a fire occurred during the second day. When this happens the last day of the following compositing period gets selected, because the vegetation will have had more time to recover, increasing NDVI. This creates a gap of 2n − 1 days (where n is the length of the compositing period, in days) between successive observations (Barbosa et al. 1998) . Even with a relatively small n, the burn signal is strongly attenuated by the time it is picked up by the MNDVI, and detection of the burn is delayed by one compositing period. Barbosa et al. (1998) compared the performance of various compositing periods in terms of spectral detectability of the burn signal, and of viewing geometry of the composite images. They concluded that the MNDVI is not an appropriate compositing algorithm for mapping burns. Sousa et al. (2003) confirmed previous findings about the unsuitability of the NDVI maximum value compositing algorithm for burned area mapping. They found that alternative algorithms, which increase the J-M distance between the spectral signatures of burned and unburned areas in composite images yielded better results. Sousa et al. (2003) demonstrated that the use of two-criteria compositing algorithms based on the sequential application of minimization of NIR reflectance, or of a combination of visible and NIR reflectance, followed by maximization of brightness temperature, solves the problem of cloud shadow retention which affects some of the simpler alternative algorithms.
These findings were derived from analysis of NOAA/ AVHRR data, but ought to be applicable to imagery from other sensors with channels in the visible, NIR, and thermal domains, such as Moderate Resolution Imaging Spectrometer (MODIS) and the Advanced Along Track Scanning Radiometer (AATSR). The Vegetation (VGT) instrument, on-board the Système Probatoire d'Observation de la Terre (SPOT-4 and -5) satellites lacks a thermal sensor, which makes it harder to eliminate cloud shadows on composite images. Stroppiana et al. (2002) and Cabral et al. (2002) have developed techniques based on tracking the temporal persistence of very dark pixels. These are very effective at separating recent burns from cloud shadows, and produce composite images with very good observation geometry and almost free from spatial heterogeneity artifacts. A remaining problem with these algorithms is their inability to eliminate persistent shadows cast by topographic features.
Image compositing strongly reduces the radiometric variability of a time-series of satellite data induced by changes in atmospheric conditions and viewing/illumination geometry. Therefore, it contributes to increase the accuracy of burned area mapping by supervised image classification approaches (Stroppiana et al. 2002) . However, instead of attempting to suppress the variation in surface reflectance as a function of viewing/illumination geometry (i.e. the Bidirectional Reflectance Distribution Function, BRDF), this information may be used to derive adaptive approaches to burned area mapping (Roy et al. 2002) .
The research by Barbosa et al. (1998) , Sousa et al. (2003) , Stroppiana et al. (2002) , and Cabral et al. (2002) deals with regions containing extensive areas of savanna, and may contribute towards improved approaches for inter-tropical burned area mapping.
The effect of smoke on the detection of burned surfaces
The short duration of the burned area signal of tropical savanna fires imposes the need to monitor burning at a high frequency during the dry season. However, the large amounts of biomass burned in tropical savannas produce abundant emissions of smoke aerosols, which affect observation of the land surface from satellite. Lobert et al. (1999) estimated annual global emissions of C from biomass burning at 3716 TgC. Tropical biomass burning, including savanna fires, deforestation, and slash burning/shifting cultivation emits 2007 TgC yr −1 , or 53.9% of the total. According to Dickinson (1993) , 3% of the C emitted goes into smoke, implying that tropical biomass burning produces 60.21 Tg of smoke aerosols per year.
Mie scattering is maximum when the particle radius corresponds to the wavelength of radiation. Smoke aerosol particles range in size from 0.01 to 1.0 µm, which makes them efficient scatterers of solar radiation (Jacob 1999) . Biomass burning smoke is also an absorbing aerosol, because it contains high concentrations of black carbon (Dubovik et al. 2002; Kaufman et al. 2002) . Aerosol optical thickness, κ aλ , measures the attenuation of radiation propagating through the atmosphere. It depends on the aerosol optical characteristics and on total aerosol loading (Kaufman 1989) . Since the attenuation effects of scattering and absorption are difficult to separate, κ aλ can be characterized with a single formula, known as Ångstrom's turbidity formula (Iqbal 1983) :
where β is known as Ångstrom's turbidity coefficient and represents the amount of aerosols present in the atmosphere in the vertical direction. The exponent α (or Ångstrom parameter) characterizes the size distribution of aerosol particles, and larger values of α indicate a relatively higher ratio of small particles to large particles. λ denotes the wavelength of radiation, in µm. Dubovik et al. (2002) refer a range of κ a0.44 values from 0.1 to 3 for the Amazon forest, and of 0.1 to 2.1 for woody savanna (cerrado) in Brazil, during the period AugustOctober, i.e. the peak of the fire season. Typical α values are in the range 1.2-2.1. During the late dry season (AugustNovember) in the savannas of Zambia, κ a0.44 varied from 0.1 to 1.5, and α varied between 1.4 and 2.2. The smoke aerosol data of Holben et al. (2001) show that at Cuiabá, Brazil, κ a0.5 peaks in September with a mean monthly value of ∼1.2, and the highest α mean monthly values are of ∼1.7 in August and September. In Mongu, Zambia, September is also the month with the highest mean κ a0.5 , but the value is 0.6, much lower than in Brazil. The Ångstrom parameter, α, in Mongu stays between 1.7 and 1.9 from June through October. Higher smoke aerosol loadings in Brazil than in Zambia may be due to the burning of larger amounts of biomass and/or to differences in atmospheric circulation patterns. The higher values of α observed in Zambia indicate that the median radius of particles is smaller for African smoke than from smoke in the Amazon. Dubovik et al. (2002) consider that larger-sized smoke particles in forested regions may result from a greater proportion of biomass being consumed in smoldering combustion. It has been estimated that, in savanna ecosystems, ∼85% of the biomass is consumed by flaming combustion, while for deforestation fires the percentage may be 50% or less .
The perturbation caused by smoke aerosol to observation of the land surface from satellite can be quantified calculating the aerosol transmittance, τ aλ (Iqbal 1983) :
where m a is the optical mass of air. Values of κ aλ and corresponding α values are given by Eck et al. (1998) for the Brazilian Amazon, and by Eck et al. (2001) for Zambia. Figure 5 illustrates the strong dependence of aerosol transmittance on wavelength, using as an example measurements taken on 4 September 1995, a day of extremely high κ a0.44 in the Brazilian Amazon (table 9b in Eck et al. 1998 ) and on 10 September 1997 in Mongu, Zambia, under less extreme conditions and with κ a measured at 0.5 µm. A solar zenith angle of 30 • was assumed in both cases, corresponding to an m a value of 1.15. Figure 5 shows how τ a increases non-linearly with λ, in both the Brazil (dashed line), and Zambia (solid line) cases. The vertical bars represent the approximate spectral location of the Landsat ETM+ reflective channels. Aerosol transmittance in the visible spectral domain, represented by channels 1-3, does not exceed 0.1 for the Brazil example, meaning that the smoke aerosol almost completely obstructs observation of the land surface. Transmittance in the visible does not exceed 0.5 in the Zambia example. In the mid-infrared domain (channels 5 and 7), transmittance is much higher, reaching almost 90% for the African smoke aerosol in ETM+ channel 7. A clear implication of these results is that the visible spectral domain is inadequate to monitor the land surface in tropical environments, when smoke aerosol from biomass burning is present in the atmosphere in significant amounts, and ought to be replaced with mid-infrared data, namely for the detection and mapping of burned surfaces (Pereira 1999) . Kaufman et al. (1997) showed that there is a good correlation between surface reflectance in the red or blue spectral regions, and reflectance in the mid-infrared at 2.2 µm, and that detection of dark surface pixels can be effectively accomplished with mid-infrared data. The physical basis of the correlation between the visible and mid-infrared spectral domains is also discussed by Kaufman et al. (1997) . Development of the GEMI3 index by Pereira (1999) , as a modification of the Global Environment Monitoring Index (GEMI) of Pinty and Verstraete (1992) represents an implementation of this concept for burned area mapping, which was also successfully implemented in a tropical savanna region .
Detectability of understory burns
Surface fires predominate in savanna ecosystems, where trees are normally not part of the fuel complex (Bond 1997) , although understory fires may scorch tree canopies (Bond and van Wilgen 1996; Williams et al. 2002) . Understory burns may be difficult to detect from space due to the interception of radiation and casting of shadows by the overstory layer. Detection of understory burns is expected to be more problematic in areas of dense tree cover and high leaf area index (LAI), unless fire causes trees to shed foliage. Leaf area index of tropical savannas and woody savannas displays strong seasonal variability. Fires in general, and especially late dry season fires, occur during the period when LAI is lower, which ought to facilitate detection of understory burning. The mean annual LAI map for the period 1981-1991 derived by Buermann et al. (2002) shows that the highest LAI values in tropical savannas are found in the woody savannas of southern Africa, namely in the southern Democratic Republic of Congo, northern Zambia, and north-eastern Angola. LAI of savanna ecosystems is constrained by tree percentage cover, if considered at the landscape level observed from coarse spatial resolution satellite sensors. Tree percentage cover does not vary seasonally and is easier to use to identify areas where detection of understory burns may be problematic. Figure 6 shows the distribution of tree cover in the area defined as savanna for the purposes of this study. The tree cover data are from the 1 km spatial resolution Global Forest Canopy Density (GFCD) map produced by the United Nations Food and Agriculture Organization (FAO) under the Global Forest Resources Assessment (FRA2000) initiative (http://edcdaac.usgs.gov/glcc/fao/index.html).
According to the definition of the IGBP-DIS Land Cover Classification, the tree cover of woody savannas varies from 30% to 60% (Scepan 1999) , but the GFCD map shows that ∼30% of the area of savannas and woody savannas has tree cover higher than 60%. Those are the conditions under which detection of understory burning may be problematic. Below that threshold, Fuller et al. (1997) , analysed the influence of canopy strata on the remotely sensed signal of savanna woodlands from eastern Zambia. They found that the understory layer dominated the remotely sensed signal throughout most of the seasonal cycle, because of high tree canopy transmittance, heterogeneous tree cover, and lower reflectance of the tree layer relative to the grassy understory. Their simulations performed with the SAIL model (Verhoef 1984) suggest that the tree canopy layer makes a relatively small contribution to landscape-scale normalized difference vegetation index (NDVI), for tree cover values of up to 60%. The radiometric contribution from the tree layer tends to be relatively more important during the dry season, when at least part of the understory vegetation is senescent. Pereira et al. (unpublished data) assessed the detectability of understory burns in wetter Zambezian miombo woodlands (White 1983) , considering the spectral and structural properties of tree stands and of the surface vegetation layer before and after the fire. The problem was analysed with a simulation approach, using an analytical hybrid geometric optical (GO) and radiative transfer (RT) model (Ni et al. 1999 ) and a combination of satellite data, field spectroradiometric and biometric data. Pereira et al. (unpublished data) found that recently burned sites are easily separated from unburned sites using spectral data in the green, red, and nearinfrared (NIR) domains. Discrimination of older burns is also possible, but with lower accuracy. Simulation results were highly insensitive to variation in stand structure parameters, and responded almost exclusively to differences in the spectral characteristics of the simulated scene background. The effect of viewing geometry was not analysed, since all model runs were performed assuming nadir viewing. The simulations were performed with data representative of the wetter Zambezian miombo woodlands, and a maximum tree cover of 60%. Since spectral detectability of understory burns was found to be very high even at 60% canopy cover, it may remain feasible even at higher canopy densities. However, it is important to acquire field and satellite data representative of dense woody savannas in order to test that hypothesis. Further research on this topic would benefit from using more sophisticated radiative transfer models such as the discrete anisotropic radiative transfer (DART) model of GastelluEtchegorry et al. (1996) , which has already been used to analyse the dependence of canopy reflectance of tropical forests on the structure and optical properties of understory vegetation (Gastellu-Etchegorry et al. 1999) . Analysis of the detectability of burned areas in the understory of woody savannas can contribute towards the development of better algorithms and more accurate estimates of error for burned area mapping studies in tropical regions.
Capabilities and limitations of major sensors
Currently available coarse spatial resolution sensors are considered adequate to monitor tropical savanna fires with the frequency and accuracy required, not only for estimation of atmospheric emissions and impacts on terrestrial ecosystems, but also for various operational applications in fire management . Table 2 shows the main instrument specifications relevant for burned area mapping.
The on-going Global Burned Areas 2000 initiative of the Institute for the Environment and Sustainability/Joint Research Centre (IES/JRC) (http://www.gvm.sai.jrc.it/fire/ gba2000_website/index.htm) is mapping the areas burned globally during the year 2000. Burned area maps are produced on a monthly basis and at 1 km spatial resolution, using data from the VGT instrument (Grégoire et al. 2003) . A significant strength of VGT is the reduced pixel distortion towards edge of swath and the excellent coregistration between dates (Vegetation User Guide, http://vegetation. cnes.fr/userguide/userguide.htm). However, VGT lacks a channel in the thermal domain, which is useful to discriminate between recent burns and other dark surfaces, such as cloud shadows and water bodies. This limitation, as already mentioned, requires somewhat more complex multitemporal compositing approaches for burned area analyses.
MODIS has good spectral resolution, with seven channels, including a 1.24 µm channel not available in any other sensor and useful for the detection and mapping of burned areas (Sá et al. 2003a) . Spatial resolution of the 0.65 µm and 0.86 µm channels is 250 m, while that of the other five channels listed in Table 2 is 500 m. The 2.13 µm channel of MODIS is excellent for observing the surface through smoke-filled atmospheres, although the channels located at ∼1.6 µm available in all other sensors, are also very appropriate as shown in Fig. 5 . A second MODIS instrument was successfully launched 4 May 2002 on board the Aqua spacecraft, thus doubling the temporal resolution of MODIS Earth observation.
A limitation of the AATSR is its lower temporal resolution. It takes the AATSR about 2 months to acquire the same number of observations of a tropical area that the other sensors acquire in 10-15 days. Therefore, it is probably unfeasible to produce pan-tropical burned area maps with the AATSR at a temporal resolution better than 2 months.
The spatial resolution listed in Table 2 refers to the ideal situation of a nadir view, but pixel size increases towards the edge of the sensor swath. This loss of spatial resolution is more severe in the wide-swath scanning mirror sensors, namely the AVHRR and MODIS. At a 55 • scan angle, corresponding to the edge of swath for both instruments, the AVHRR pixel size increases to 6.5 km × 2.3 km (Goodrum et al. 2000) and the MODIS 500 m pixel size increases to 4.8 km × 2 km (Nishihama et al. 1997 ). The AATSR is less affected by this problem, because it has a much narrower swath, of ∼500 km. VGT uses push-broom scanning, rather than a scanning mirror, and maintains excellent spatial resolution up to the edge of swath, where pixel size is ∼1.4 km × 1.4 km (Vegetation User Guide). Thus, the AATSR and VGT sensors are capable of consistently detecting smaller burns than the AVHRR. Close to nadir, MODIS has better spatial resolution than the AATSR and VGT, but for off-nadir viewing angles these instruments outperform MODIS.
The Medium Resolution Imaging Spectrometer (MERIS) is a push-broom imaging spectrometer that was recently launched (March 1 2002) aboard the ENVIronment SATellite (ENVISAT). MERIS has a spatial resolution of 300 m at nadir in full resolution mode. Pixel size is reduced to 1200 m by the on-board combination of four adjacent samples across track over four successive lines. The instrument's 1150 km swath width allows for global coverage in 3 days. MERIS has 15 spectral channels positioned between 0.4 µm and 15 µm, programmable in width and position (Rast and Bézy 1999; Bézy et al. 2000) . The lack of spectral channels over the midinfrared and thermal domains is a disadvantage for mapping burned areas (Pereira 1999; Pereira et al. 1999c) . The Multi-angle Imaging SpectroRadiometer (MISR, Diner et al. 1998 Diner et al. , 1999 , aboard the Terra spacecraft, is a push-broom instrument with nine cameras pointed at fixed view angles, ranging from 0 • to 70.5 • . Each camera obtains imagery in four spectral bands-blue, green, red and NIR. The MISR cross-track swath width of 360 km allows viewing the entire Earth's surface every 9 days. In local mode, selected targets 300 km long will be imaged at the maximum spatial resolution of 275 m. Away from these targets (only about six per day), MISR operates in global mode, which averages data in 4 × 4, 1 × 4, or 2 × 2 pixels, individually selected for each camera and spectral band. The nine different look angles allow for good characterization of the BRDF, leading to very powerful methods for detecting land-cover changes, namely those induced by vegetation burning. The cameras at 45.6 • angles (fore and aft) are included for sensitivity to aerosol properties, while the cameras at 60 • are particularly important for the estimation of hemispherical albedo. MISR lacks spectral channels over the mid-infrared and thermal domains. Acquisition of cloud-free data over many tropical regions may be problematic, due to the instrument's nine day repeat cycle.
Geostationary instruments have not been extensively used for burned area mapping, although the Geostationary Operational Environmental Satellite (GOES) has been used for active fire and smoke detection and mapping (Menzel and Prins 1996) . The studies of fire-induced albedo changes in Africa (Govaerts et al. 2002) , which used METEOrological SATellite (METEOSAT) data, and Boschetti et al. (2001) , based on METEOSAT and Geostationary Meteorological Satellite (GMS) are exceptions to this trend. The potential of METEOSAT Second Generation (MSG-1), launched in August 2002, for fire applications in Africa and southern Europe is very good due to improved spatial, spectral, and temporal resolutions (Pereira and Govaerts 2001) . Development of a relatively long-term (20 years) dataset of areas burned in tropical savannas is important because it is required to quantify fire return intervals and interannual variability of fire incidence. It can only be accomplished with Global Area Coverage (GAC) data from the AVHRR, at 4 km resolution (Gutman et al. 2000) , or using the Pathfinder dataset (Agbu and James 1994) . Barbosa et al. (1999b) demonstrated the feasibility of this task, with an 8-year analysis of burned areas, burned biomass, and atmospheric emissions over Africa, based on the previous development of algorithms for multitemporal image compositing (Barbosa et al. 1998) , and for classification of time-series data . Development of a 20-year global burned areas dataset based on AVHRR-GAC data is a challenge which ought to be undertaken soon by the research community involved in remote sensing of fire.
Conclusions
Tropical savannas are the most fire-prone biome on Earth, and the largest source of atmospheric emissions from biomass burning. The magnitude and importance of the atmospheric, climatic and ecological impacts of tropical savanna fires justifies the need for timely and accurate monitoring of the spatio-temporal patterns of fire occurrence. Given the extent of the areas affected, satellite remote sensing is the only viable option for pan-tropical mapping of areas burned by savanna fires. Attributes of fires in tropical savannas which are relevant to detecting and mapping burned areas from space include:
• Heterogeneity of fire-induced spectral changes;
• Ephemeral nature of the charcoal deposition signal;
• Importance of multitemporal image compositing; • Difficulties introduced by the presence of clouds and smoke; and • Detectability of understory burns.
Recent research dealing with these topics was reviewed and recommendations were provided for the development of algorithms adequate to handle the specific situations of burned area mapping from satellite under the conditions commonly found in tropical savannas. The main coarse spatial resolution sensors adequate for pan-tropical coverage, although not ideally suited for fire monitoring and mapping, provide data which can be used to map burned areas at spatial and temporal resolutions appropriate for monitoring the major environmental impacts of tropical savanna fires, and for supporting operational fire management activities.
